Polymer patterns of nano-to micrometer size imbue distinctive properties to a substrate. These unique properties can be useful in electronics, optoelectronics, cell and tissue engineering, and surface science. 1 Strategies used to pattern polymers include photolithography, microcontact printing, 2 block copolymer self-assembly, 3 and electrohydrodynamic instability (EHDI)-induced polymer patterning. 1, 4, 5 EHDI appears when an electric field overcomes surface tension in thin films 4 that are spun onto a lower electrode and separated from an upper electrode by a medium such as air, 6, 7 another polymer, 8 or an ionic liquid. 9 Traditionally, pillars generated by EHDI self-organize into hexagonal arrays 4, 5, 10 with a predictable spacing. 11 The pillars appear randomly 12 in homogeneous electric fields or assemble according to the protruding relief of the upper electrode. 5, 6, 12, 13 Theoretical analysis has shown that chemically heterogeneous and patterned substrates can also be used to induce spatial electric field distributions and obtain desired pillar arrays.
14, 15 Grilli et al. exploited the pyroelectric effect to generate an electrical potential that could induce variations in the wettability of a lithium niobate substrate to grow microstructures on a polydimethylsiloxane (PDMS) film. 16 However, a common problem of the aforementioned methods for organizing pillars into desired arrays is that the electrode or substrate needs to be patterned first, which adds complexity to the total process.
We present here experimental results from using visible light generated by a projector to induce heterogeneous spatial distributions of an electric field between two parallel electrodes by stimulating a photosensitive layer on the lower electrode. This heterogeneous electric field can be further used to control the nucleation sites of pillars induced by EHDI in a process we call optically induced electrohydrodynamic instability (OEHI). In this letter, the experimental setup and results are first presented. Then, a theoretical model is derived and solved numerically using a finite element method software to qualitatively explain this OEHI phenomenon.
The schematic of the OEHI-based fabrication process is given in Figure 1 . First, PDMS (Dow Corning, Sylgard-184) was spin-cast onto a hydrogenated amorphous silicon (a-Si:H)-covered ITO-glass [ Fig. 1(a) ]. Then, this surface was combined with another ITO-glass as an upper electrode, which was modified with a monolayer of the mold release agent trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma-Aldrich) through vapor deposition, 9 to assemble a parallel-plate capacitor configuration. Our experimental results showed that this surface modification could effectively suppress pillar movement when EHDI occurs at the interface of the PDMS and the air. The gap between the initially flat polymer film and the upper electrode was maintained by a spacer (i.e., a layer of aluminum foil or other thin film) [ Fig. 1(b) ]. After pre-curing the PDMS film at a set temperature of 130 C to help adjust the viscosity of PDMS and to circumvent the problem of coarsening/ripening, 17 the assembled chip was placed between a digital projector (VPL-F400X, Sony, Japan) and an optical microscope (Zoom 160, Optem, USA). The OEHI phenomenon occurred immediately when the projector and a voltage source (Keithley 2410) were simultaneously turned on [ Fig. 1(c) ]. After solidifying the PDMS at 130 C for 20 min, pillars organized in the desired distribution were obtained [ Fig. 1(d)] .
When illuminated by a light image with a uniform grid, two typical pillar arrays were obtained, as shown in Figs. 2 and 3(b). The pillars in Fig. 2 appeared in the dark area of the light grid (see the inset of Fig. 2 ). The two different sizes of structures shown in Fig. 3(b) were formed in different time steps. The bigger pillars grew in the dark areas first, which was similar to the generation of structures in Fig. 2 . After a few seconds, the smaller pillars appeared in the illuminated areas. Thus, one could create the formation of the smaller structures shown in Fig. 3 by controlling the duration of applied voltage. We also have experimentally validated that the ratio of initial film thickness, the distance between the upper and lower electrodes, the electric field intensity (which could be used to change the diameter of pillars), the center-to-center spacing of the dark areas all had significant influence on the final results. For example, experimental results show that the pillar diameter will increase if the polymer film thickness is increased. 18 However, much more detailed experiments need to be performed before a conclusive remark on controlling the pillar size and nucleation sites can be provided. Sample AFM-scanned profiles of the two types of structures described above are shown in Fig. 4 .
To further demonstrate the ability of OEHI to assemble pillars into arbitrary patterns, we used patterned projected light/dark areas to organize pillars into the word "SIA" Fig. 3(b) . Height information shown in (b) and (c) correspond to the bigger and smaller (purple structures in the inset of Fig. 3(b) ) pillars, respectively.
The theory explaining EHDI which is induced by perpendicular electric fields has been widely studied. 7, 11 However, a theoretical model has not been well established for surface instability induced by an in-plane electric field. In OEHI, where normal and tangential electric field components simultaneously exist, the condition could be more complex. In order to account for the synergistic effect of normal and tangential electric fields in OEHI, and considering that PDMS behaves as a perfect dielectric, 19 we modified the traditional perfect dielectric model by introducing a surface polarization charge, which is induced by a normal electric field that tolerates a tangential electrical force when a tangential electric field exists. We discuss below a theoretical formulation to possibly explain the generation of interfacial instability of two fluids using optically-induced heterogeneous electric field.
The two fluids defined in Fig. 6 are assumed to be incompressible Newtonian fluids, each with a viscosity of l i , i ¼ 1, 2. The surface evolution for a thin Newtonian film can be derived from the continuity and the Navier-Stokes equations and then simplified using a long-wave approximation. When Fluid 1 is air and Fluid 2 is a polymer, the viscosity of the upper fluidic layer is negligible, and the spatial and temporal evolution of the interface h x; t ð Þ can be described as
where N and T are the normal and tangential stresses acting on the interface, respectively. The normal stress N is mostly due to the normal component of the destabilizing electric field force (N elec ) and the stabilizing surface tension (the van der Waals interactions and other intermolecular interactions are not considered here). Namely,
where c is the interfacial tension. A temperature gradient induced by light and which has an influence on the surface tension could also cause a thermocapillary flow. The influence of thermocapillary flow, which maybe also influence the position of the nucleation sites, is under investigation by our team and will be reported after more extensive experimentation. The Maxwell stress tensor, which corresponds to the Korteweg-Helmholtz polarization force density, for the interaction between the incompressible liquid and the electrostatic field, which will affect the fluid through the interface, can be expressed as 11, 21, 22 
where d is the identity matrix and e is the dielectric constant of polymer (Fluid 2 here). The normal component of the Maxwell stress at the interface is
where n is the unit normal vector to the interface as shown in Fig. 6 . The electric field in Fluid i is given by E i ¼ Àrw i . The tangential component of the Maxwell stress at the interface is zero because there is no net interfacial free charge accumulating at the interface in the perfect dielectric model. As the bulk of the fluid has no net free charge, the governing equation for the electric potential w i in Fluid i is
The boundary conditions are 11,21 where w b is the potential at z ¼ 0; e i ði ¼ 1; 2Þ is the dielectric constant of Fluid i; since Fluid 1 is air, e 1 is one; and e 0 is the permittivity of a vacuum. We next turn to the equations for the tangential stress T. A lateral/tangential electric field always exists in the liquid layer, because the light excitation induces changes in the electrical properties of the a-Si:H layer. The surface polarization charge density r sp , which result in the discontinuity of the normal component of an electric field at the interface (even with no free charge accumulated) and which is related to the normal component of the electric field, is 23, 24 r sp ¼ Àe 0 ðE 2n À E 1n Þ;
where E in is the normal electric field intensity component in the Fluid i. A tangential stress (due to the electrical force), T elec , is exerted on the interface by this surface polarization charge in the presence of the tangential electric field. Then, the tangential stress T can be expressed as
where E it is the lateral component of the electric field in Fluid i at the interface; t is the unit tangent vector to the interface as shown in Fig. 6 . The capacitance (C) of the composite layer (i.e., a "composite" layer consisting of the photoconductive amorphous silicon and the two fluidic layers) can be expressed as capacitors in series
; where C a ¼ e 0 e a A h a ;
Here C a , C F1 , and C F2 are the capacitances of the a-Si:H of thickness h a , Fluid 1 of thickness H À h and Fluid 2 of thickness h, respectively; e a is the permittivity of the a-Si:H, which when illuminated or non-illuminated is expressed as e I a and e D a , respectively. Then, the potential at z ¼ 0 can be expressed as
where V is the DC voltage applied between the two electrodes.
The appearance of pillars first in the dark areas was unexpected but could be explained by the following analysis. As the permittivity of the a-Si:H increases when it is irradiated by light, 25 an increase of w b in Eq. (12) is induced, and the electric field is thus enlarged in the illuminated areas. Similarly, for a physically patterned electrode, the protruding areas, i.e., the areas with a larger electric field, are the areas in which the pillars normally appear. On the other hand, Srivastava et al. performed a theoretical analysis using a lubrication approximation, which pointed out that pillars grow in areas with a large permittivity where a larger electric Maxwell stress exists.
14 This finding is contrary to our experimental results. A possible reason is that in the lubrication approximation, the lateral electric field component and the tangential component of the stress at the interface are negligible. However, these lateral and tangential components can play an important role in EHDI in some specific situations, i.e., when H À h 0 ð Þ=H % 1 and H/L ) 1, where L is the electrocapillary length. 6 Using the theoretical models discussed above, a multiphysics simulation was conducted using a commercial finite element method (FEM) software (COMSOL 4.3) to qualitatively understand the phenomenon of OEHI. This simulation was conducted by using the hydrodynamic module, which contains the fundamental equations used to deduce Eq. (1), i.e., the continuity equation, the Navier-Stokes equations, and hydrodynamic related boundary conditions, the electrostatic module, and the moving mesh module of COMSOL. The hydrodynamic model and the electrostatic module were connected by N elec and T elec , which were calculated using Eqs. (4) and (7)- (12) . Fig. 7 shows the simulation result for a projected image of a uniform grid as shown in the insets of Figs. 2 and 3(a) . The color table in Fig. 7 represents the distribution of voltage in the PDMS film and the air layer.
The normal component of the Maxwell stress (N elec ), which is marked with blue arrows, has a difference ( Maximum À Minimum ð Þ =Minimum) of 4.97% for illuminated areas (where the maximum value appeared) and dark areas (where the minimum value appeared). The tangential electric force, T elec , which is colored green, points toward the dark areas from the illuminated areas. Without this tangential electric force, the initial uniform polymer film will generate "Taylor cones," which would finally evolve into pillars, in the illuminated areas with larger N elec . The simulation result also indicates that the velocity of the PDMS fluidic layer has an upward component in the dark areas and a downward component in the illuminated areas. This information of the direction of the velocity was consistent with the experimental results; i.e., pillars appeared in the dark areas first, which reveals that lateral electrical force plays an Figures 2, 3, and 5 .
In summary, we have demonstrated the formation of periodic and aperiodic pillar arrays on PDMS film by OEHI. Detailed experimental results and theoretical formulation with numerical analysis indicated the important role that the lateral electric force played in pillar growth and position control in OEHI. These results suggest that OEHI promises to be a rapid, low-cost and high-throughput method for generating micron-scale structures using polymer films.
